Abstract-In arid and semi-arid regions in China, a large amount of treated wastewater is discharged into rivers that supply water for agriculture. Treated wastewater contains not only valuable nutrients, but also toxic contaminants that might affect soil quality. This study investigated how long-term irrigation with water from a wastewater receiving river affected soil chemical and microbiological properties in Hebei Province, China. Soil samples were collected from three river water irrigated fields adjacent to Wangyang River, and three groundwater irrigated fields far from the river. The results showed that irrigation with river water for more than 20 years had significantly increased dissolved organic C, microbial biomass C and permanganate oxidizable C contents, and β-glucosidase, urease, alkaline phosphatase, arylsulphatase and dehydrogenase activities in the surface soil, reflecting a stimulated microbial activity in river water irrigated soils. Long-term irrigation with river water has also resulted in accumulation of Hg, Cd, As, Pb, Cu, Cr and Zn in the soil, and may pose potential risk to soil quality and food safety. We conclude that although the river water irrigation has beneficial effects on soil microbiological characteristics, a controlled irrigation management based on periodic monitoring of soil quality parameters is needed to ensure its safe and long-term use in agriculture.
INTRODUCTION
Reuse of wastewater in agriculture has been increasingly practiced all over the world because of the water resource scarcity, especially in arid and semi-arid regions. In China, wastewater has been used in irrigation of crops for over 50 years, and more than 3.3 million ha of the arable land is currently irrigated with domestic or industrial wastewater [1] . Irrigation with wastewater may result in accumulation of heavy metals and toxic organic contaminants in the soil, and increase soil salinity if the electrical conductivity (EC) is high, and thus have negative impacts on soil quality and crop production. Therefore, wastewater is recommended for use in agriculture after treated and under controlled conditions to minimize hazards from toxic contaminants. The effects of irrigation with treated wastewater on soil quality has been intensively studied in recent years [2, 3] , but mainly focused on the direct use of wastewater for irrigating crops. In fact, most of the treated wastewater from wastewater treatment plant is discharged into rivers that supply water for agriculture. Thus, irrigation with these river water may also have impact on soil parameters, such as pH, salinity, nutrient conditions and contents of toxic contaminants [4] . Research on the changes of soil quality after long-term irrigation with water from the wastewater receiving river is therefore necessary.
Hebei is a typical province in north China that has a water shortage problem. The annual reuse of wastewater was approximately 251 million m 3 in this area [1] . The Wangyang River is located near the city of Shijiazhuang, the capital of Hebei province. Effluents from chemical, pharmaceutical and textile factories, the major industries that produce up to more than 30 Mm 3 wastewaters year -1 in the High-Tec Industrial Development Zone of Shijiazhuang, are discharged into the Wangyang River after secondary biological treatments. Farmlands adjacent to the Wangyang River have been irrigated using river water for almost 20 years. Although treated before discharging into the river, the effluents also contained considerable contents of nutrients and toxic contaminants, and may result in pollution of the river water. Previous studies had showed that the COD and NH 3 -N concentrations in the river water have exceeded the allowed limit severely [5] , and Cr, Cu, Cd, Pb and Zn were found accumulated in surface sediments of the Wangyang River [6] . However, little is known about how the long-term irrigation with this river water has affected the soil quality. The objective of our study was to evaluate changes in soil chemical and microbiological properties after long-term irrigation with water from the Wangyang River. The results will help to select a proper irrigation management practice for maintaining and improving soil health and quality in this area.
II. MATERIALS AND METHODS

A. Study area and soil sampling
The study area was located near the city of Shijiazhuang (114°29′E, 38°03′N) in Hebei Province, China. This area lies in the North China Plain and is characterized by a semi-arid climate. The mean annual temperature is 13.1°C and mean annual precipitation is 556 mm, mainly in the period from July to September. A summer maize (Zea mays
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L.) -winter wheat (Triticum aestivum L.) rotation is the predominant cropping system in this area, covering up to 60% of the arable land. The farmland had similar management practices and received organic and mineral fertilizers simultaneously.
In this area, the fields were irrigated with different water: groundwater (GW), and river water (RW) from the Wangyang River. The values of EC, COD, NH 3 -N, TN and TP in the river water were all much higher than those in groundwater (Table 1) . Means of three triplicates with standard deviation in parenthesis.
The soil samples were collected at six different sites. Site 1, 2 and 3 were located at about 10 km east of the Wangyang River, where irrigation of the fields only occurred with groundwater (as control). Site 4, 5 and 6 were located adjacent to the Wangyang River and irrigated with river water for more than 20 years. All of the selected sites had been farmed conventionally, according to the local practice. At each sampling site, three replicates were taken and altogether 18 soil spots were collected.
Soil sampling was performed in September 2012 and May 2013. The crops at sampling time were summer maize and winter wheat, respectively. All soil samples were taken from the plough layer (0-20 cm) with a soil core sampler (10 cm diameter). Field-moist soil from each spot was divided into two parts after removing stones, visible roots and fauna. One part was air-dried at room temperature and ground up to pass through a 2 mm sieve for physical and chemical analyses. The other part was sieved (2 mm mesh) and frozen for biochemical analyses.
B. Soil assays
Soil pH was measured with a PHS-3C pH meter and soil electrical conductivity (EC) was measured using a model DDS-307 conductivity meter. Soil texture was determined using pipette method [7] . Soil samples for soil organic C (SOC) measurements were pretreated with 0.5 M HCl to remove carbonates and then ball-milled. SOC concentration was determined by dry combustion. Total concentrations of heavy metals were analyzed by the methods described by Bao [8] . Concentrations of Cd, Pb, Cu, Cr and Zn were determined using flame atomic absorption spectrometry, and those of Hg and As were determined by an atomic fluorescence spectrometry.
Soil microbial biomass C (MBC) was determined using chloroform fumigation-extraction method on fresh soils [9] . Soil MBC was calculated by dividing the differences of extractable C between fumigated and unfumigated soils with a conversion factor of 0.45. The extractable C of unfumigated soils can be considered as the background dissolved organic C (DOC) [10] . The permanganate oxidizable C (KMnO 4 -C) was estimated using the method reported by Vieira [11] . Catalase activity (CAT) was assayed using titration method as described by Zhou [12] , while dehydrogenase (DEH), alkaline phosphatase (ALP), β-glucosidase (GLU), arylsulphatase (ARY) and urease (URE) activities were determined as reported by Tabatabai [13] .
C. Calculations and statistical analyses
A student's independent samples t-test was used to identify differences of soil pH, EC, total concentrations of heavy metals, labile SOC contents and enzyme activities between the irrigation treatments. The differences were considered significant at P < 0.05. Pearson's linear correlation was performed to evaluate the relationships between the parameters. All statistical analyses were performed with SPSS 17.0 for windows.
The sensitive index (SI) related to irrigation treatments for labile organic C fractions and enzyme activity was calculated using the following equation:
mean of RW irrigated value -mean of GW irrigated value SI = 100 mean of GW irrigated value ×
III. RESULTS AND DISCUSSION
A. Effect of irrigation on physical-chemical characteristics of soils
Soils were slightly alkaline in the study area, with pH values ranging from 7.65 to 7.71 (Table 2) . No significant difference was tested in soil pH between GW and RW treatments. Irrigation with the water from Wangyang River for almost 20 years had significantly increased soil EC from 130 μS cm -1 (GW irrigation) to 216 μS cm -1 (RW irrigation) (P < 0.05). Such increase can be attributed to the input of exchangeable cations through irrigation. The increase of soil EC could influence soil physical characteristics such as aggregate stability and infiltration properties [14] , result in soil salinity problem and have a negative impact on crop productivity.
Soil organic C content was also significantly increased after long-term RW irrigation (P < 0.05) ( Table 2 ). The mean SOC content was 9.31 g kg -1 in RW irrigated soils, and 7.40 g kg -1 in GW irrigated soils. Long-term irrigation with water rich in organic matter has generally been shown to increase SOC content in the surface soil [15] . In the present study, the increased SOC in RW irrigated soil might be partly related to the direct input of organic carbon by the river water, which contained a large amount of organic compounds (Table 1) . Moreover, the valuable nutrients in the river water could develop crop production, promote root growth and increase amount of plant residues [16] , thereby increasing the SOC pools. However, such increase of SOC under treated wastewater irrigation was not observed in some other researches [3] . This was mainly because of the low concentration of organic matter in the treated wastewater and short period of experimental time in their studies. According to Friedel, the organic C accumulated in soil can increase with increasing organic load in the irrigation water, and with increasing irrigation time [15] . Means of three triplicates with standard deviation in parenthesis. Values followed by different small letters (different treatment) and different capital letters (different sampling data) are significantly different at P < 0.05.
Total concentrations of Hg, Cd, As, Pb, Cu, Cr and Zn were all significantly higher in RW irrigated soils compared to those in GW irrigated soils (P < 0.05) ( Table 3 ). The largest difference was observed in Hg concentration, which showed a 2.6-fold increase in the soil of RW irrigated area than that of the control (GW). However, all these heavy metals did not exceed the limited concentration according to the Environmental Quality Standard for soils of China (GB 15618-1995). Therefore, the heavy metal concentrations are not a restriction in the use of river water for irrigation. Even so, the concentrations of these metals (except As) were higher than the background values in Hebei Province (Table 3) , suggesting a potential risk to soil quality and food safety in the future. Means of three triplicates with standard deviation in parenthesis. Values followed by different letters in the same column are significantly different at P < 0.05. a: Environmental quality standard for soils of China (GB 15618-1995). b: Background value in the soils of Hebei Povince.
B. Effect of irrigation on labile organic carbon fractions of soils
Labile organic C fractions: DOC, MBC and KMnO 4 -C were all significantly higher in the RW irrigated soils than GW irrigated soils in the surface layer ( Table 4 ). The average contents of DOC, MBC and KMnO 4 -C were 20%, 63% and 49% higher in RW irrigated soils than those in GW irrigated soils, respectively. The labile soil organic C fractions can be affected by irrigation management, and revealed the build-up of labile C pools under RW irrigation after more than 20 years. The significant increase in these labile organic C fractions suggested that they are sensitive to changes in SOC caused by irrigation management. However, the extent of changes of labile organic C fractions was different between the two irrigation managements. Compared to SOC (21.3-30.0%), MBC (51.4-74.5%) and KMnO 4 -C (47.5-51.6%) were more sensitive to irrigation practice, while DOC was increased by only 8.3-26.5% under RW treatment ( Table 4 ). The lower sensitivity of DOC might be owing to its smaller size and highly labile nature [17] .
According to Powlson, the proportion of labile organic C in SOC could reflect the C availability in the soil [18] . In this study, the KMnO 4 -C/SOC value was significantly higher under RW treatment than under GW treatment, suggesting that long-term irrigation with river water may increase C availability in the soil. There were large differences in the proportions between the three labile SOC fractions. The mean value of DOC was 1.19-1.43%, MBC was 2.53-3.43%, and KMnO 4 -C was 25.37-33.12% of SOC in our study ( Table 4) . The difference of proportions was mainly related to the different components of each labile C fraction due to different extraction method. The correlations between SOC and labile organic C fractions were analyzed using all data detected from each site and replication. SOC content was significantly and positively correlated with MBC and KMnO 4 -C (P < 0.01) ( Table 6 ), indicating that SOC was a major determinant of MBC and KMnO 4 -C. The improvement or depletion in MBC and KMnO 4 -C concentration could also give an early indication of the changes in SOC. Furthermore, a significant positive correlation was also observed between MBC and KMnO 4 -C (Table 6 ).
C. Effect of irrigation on enzyme activities of soils
Soil enzymes can be considered as potential indicators of nutrient cycling processes and soil quality because of their closely relationship with soil microorganisms. They can respond more rapidly to the changes in soil management and toxic contaminants compared to other soil variables [19] . In the present study, irrigation with RW for more than 20 years had significantly increased β-glucosidase, urease, alkaline phosphatase, arylsulphatase and dehydrogenase activities in the 0-20 cm soil compared to the GW irrigation (P < 0.05) ( Table 5) . These results reflected the stimulated microbial activity in RW irrigated soil, and might be attributed to the long-term additional input of organic matter and nutrients through river water irrigation. The nutrients from the river water not only provided substrate for the enzymatic reaction in the soil, but also made available for plants. Thus, active microorganism may make use of this plant-derived C for growth and enzyme production, thereby increasing soil enzyme activities. In addition, the higher SOC levels in the RW treatment may provide a favorable environment for the accumulation of enzymes in the surface soil, since soil organic matter is considered to be important in forming stable complexes with free enzymes [20] .
The most sensitive enzymes to irrigation management were arylsulphatase and β-glucosidase, with mean SI values of 73.3 and 71.9, respectively, indicating that they were good indicators of soil quality in the study area (Table 5) . However, the significant increase of enzyme activity under RW irrigation was not observed in catalase activity, which showed a relatively low SI value at only 11.7. The enzyme activities, as well as labile organic C contents, were tested higher in May 2013 than in September 2012. The variation of these soil microbiological parameters might suggest that they are affected by seasonal trends in climate, crop system and agricultural practices. Nevertheless, although the microbial biomass is a very dynamic component of soil organic matter fluctuating with weather, the effect of irrigation on the biochemical parameters was independent of the seasonal variation and showed similar trend in the two sampling periods, revealing a consistency of the response to the irrigation management. ; CAT, ml KMnO 4 g -1 h -1 . Soil enzyme activities usually have a positive correlation with organic C contents. The pearson's correlation matrix revealed that the β-glucosidase, arylsulphatase, dehydrogenase and catalase activities were all significantly and positively correlated with SOC content (Table 6 ). Meanwhile, enzyme activities also significantly and positively correlated with labile organic C fractions (Table 6 ). Such correlations indicated that the labile organic C pools as substrate and its availability was an important determinant of enzyme activities in the soils. The results also showed that the enzymes activities (except catalase) were all significantly and positively correlated with each other (P < 0.01) ( Table 6 ), suggesting that they are closely interrelated. Besides organic matter and nutrients, the river water used for irrigation also contained toxic contaminants such as heavy metals, which may pose long-term damaging effect on soil quality. Heavy metals accumulated in soils not only have negative effects on plant growth, but also affect soil microbial communities and their activities [21] . Previous studies had showed that microbial biomass and enzyme activities in the soil decreased with the increase of heavy metal concentrations [3] . The degree of there decreases varied depending on the types of enzymes. However, in our study, since enzyme activities and heavy metal concentrations are both increasing in the RW irrigated soil, it is not possible to conclude from the results whether the toxicity of heavy metals had influenced the microbial biomass. The influence of irrigation with river water on soil microbial activity should be considered as a combination effect of enhancement by nutrients and inhibition by toxic contaminants. Thus, it is of great importance to monitor the changes in soil quality parameters for safe use of the river water in agriculture. Moreover, in order to reduce the risk of wastewater irrigation on safety of crop quality and human health, further studies are needed to investigate the organic pollutants in the river water and irrigated soils.
IV. CONCLUSION
The present study clearly showed that long-term irrigation with water from the Wangyang River, which received treated industrial wastewater as major water source, has resulted in significant increases of labile organic C contents and enzyme activities in the surface soil. The enhancement in soil microbiological properties can be attributed to the high organic load of the river water, which provided large amounts of organic compounds and nutrients to the soils, thus increased crop residues and stimulated microbial activity. On the other hand, long-term irrigation with this river water also resulted in accumulation of heavy metals in the surface soil. Although the heavy metal concentrations in the river water irrigated soils have not exceeded the recommended limit values, it may have potential risk to soil quality and food safety in the future. Therefore, a controlled irrigation management based on periodic monitoring of soil quality parameters should be considered to ensure safe and long-term use of the river water for irrigation in this area.
